Abstract
1 Introduction teraction can result in an unacceptable lack of precision since the tissue undergoing surgery should be still for obvious safety requirements [12] . This paper deals with robotic grasps exhibiting visce elastic contact interactions with the manipulated object. Such interactions are frequent in advanced robotic a@-cations since in many cases, i.e. when a lot of precision is needed, elasticity cannot be neglected. This is particularly true in medical applications, as in tele-surgery or in laparoscopy, where precision is obviously basic. In such applications in fact the aim is to combine the capabilities of the surgeon and those of a robot, such as precision, to obtain a better overall result ~~5 1 .
A possible task in telesurgery system is to squeeze parts of tissue of the patient's organ to be operated in order to exert a cutting action, see fig.1 . Such squeezing action often interacts with the tissue's position because of the internal forces for visceelastic grasps. The inNote that in industry, visceelastic contacts occur whenever there is a need Of assembling and manipulating non-rigid (rubber or plastic) parts. Moreover modeling contact elasticity is mandatory not only for deformable manipulated parts but also for soft fingertips in robotics hands as those Of Akella and Cutkoski, This work is focused on the control of internal forces for contact-compliant grasps with general kinematics [lo, 13, 71 . Internal forces Play a key role in controlling the grasp. In forceclosure grasps, a convenient control of internal forces guarantees that the whole vector of contact forces complies with contact friction constraints notwithstanding disturbances acting on the manipulated objectIf the manipulation system can be modeled by rigidbody contacts, usually the object dynamics is intention- ally ignored to design the internal-force controller. On the other hand, for the aforementioned examples of advanced manipulation tasks, the object dynamics cannot be disregarded at all. As an example consider the manipulation system of fig.1 and model the complaint contacts with viscclelastic lumped parameters as depicted in fig.2-a) . A control policy ignoring object dynamics, for instance a force step on the prismatic joint, squeezes the manipulated object but an undesired and dangerous transient motion of the object arises.
The aim of this work is to fix such a problem. A feedback controller which perfectly decouples the internal force control loop from the object dynamics is proposed.
.
Background
This paper is based on the linearized dynamics of grasps with general kinematics derived in [lo, 111 where system-theoretic structural properties were investigated. Some of these results along with notation are here summarized for the reader's convenience.
Let q E Etq be the vector of joint positions, T E IRq the vector of joint generalized forces, U E IRd the vector locally describing the position and the orientation of a frame attached to the object and finally w E Etd the vector of forces and torques resultant &om external forces acting on the object.
Let further introduce the vector t E IRt whose components include contact forces and torques. We assume that contact forces arise from a lumped-parameter model of visceelastic phenomena at the contacts, summarized by a stiffness matrix K and a damping matrix B. Notice that the lumped parameter model of contact interactions makes the identification procedure feasible with a reasonable amount of: computations.
The Jacobian J and the &asp matrix G are defined as the linear maps relating tl?e velocities of the contact points on the links and on t l~e object, to the joint and object velocities, respectively:, cf.
[4].
It should be remarked that,, according to [lo] , by general manipulation or grasp systems we mean mechanical devices with any J and G such that ker(GT) # 0 (i.e.
there does not exist any free motion of the object). Consider a reference equilibrium configuration (q = qoru = uo,q = U = 0 , r = r, and t = to), such that ro = JTt, and w, = -Gt,. The linear approximation of the manipulation system dynamics in the neighborhood of such an equilibrium can be written as
where state and input vectors are defined as the departures from the reference equilibrium configuration: Assuming that local variations of gravity forces on system dynamics, of the Jacobian and of the grasp matrices are negligible for small displacements bu, bq, simple expressions are obtained, cf. [ 
Controlled outputs: internal forces
The control of contact forces t is a fundamental part of the manipulation control problem. Contact forces allows the manipulator to maintain the grasp, rejecting external disturbance w and controlling the object motion. In [lo, ll] the reachable subspace of contact forces as outputs of the dynamic syst>em (1) was studied.
Consider the departures of contact force vector t from the reference equilibrium to, define t' (henceforth t) as its first order approximation which in [lo] 
SI).
In [3] it was shown that in grasps with general kinematics not all the internal forces are controllable. Thus an analysis of their reachable set is needed in order to specify consistent control goals. In [ll] the authors, starting from the linearized dynamics, define the reachable internal forces subspace 7?&r as the intersection between the reachable subspace of all the contact force and the null space of the grasp matrix:
Moreover, in terms of column space, they showed that
where
According to this result, the subspace of reachable internal forces is obtained by the projector PNG (on the null space of G ) acting on the column space of Ct. By the way, observe that the previous formula states the equality of with the active forces in [3] and the asymptotically reachable forces in [ll] .
Finally, the regulated force output eti is chosen as the projection of the force vector t onto the null space of G I i.e. the reachable internal contact forces: In [lo] , it has been shown that rigid-body motions are reachable, i.e. they belong to the space of reachability of h e a r system (1) with input the vector of joint generalized forces T. Notice that the rigid-body subspace is only a subspace of the reproducible one which also contains motions due to deformations of elastic elements in the model. 
An example of internal force control
The following example shows the behaviour of an internal force controller designed for rigid-body systems but acting on a manipulation system with a deformable object. The planar manipulation system is the two Dof's depicted in fig. 2-a) . It has the contact points in2 (0,2) and (2,2), the prismatic joint in (2,1), and stiffness, damping and inertia matrices normalized to the identity matrix. The Jacobian and the grasp matrix take the following values Observe that the system is defective, cf.
[ll], ker(J*) # 0. The controlled output is eti (2): the projection of the force vector t onto the null space of GI i.e. the subspace of reachable internal forces which, in the case study, is
The force control block diagram is reported in fig. 3 .
It consists of two loops: the internal one is the stabilizing (cf. [lo] ) PD controller of joint positions while the external one is the force loop composed by the internal model and the Jacobian transpose. The internal model principle guarantees that when the input is a unit step the magnitude of the output et, reaches the unit value.
Unfortunately the controller action moves the grasped object along the rigid body coordinate subspace, im(ru,) = im [-0.76 0.38 0.381. Simulation results are reported in fig. 4 The following theorem shows how this definition can be considered a structural property of general (nonindeterminate) manipulation systems.
Assume that: H1: The manipulation mechanism is not indeterminate, i.e. ker(GT) = 0; H2: ker(r:,)
is MF1GKGT-invariant Then the following theorem holds. neuver in applications like those pictorially described in fig. 1 . The paper contribution consists in proposing a feedback internal force controller whose action results to be decoupled from the rigid-body object dynamics.
Note that hypothesis H2 is technically in nature and has been introduced in order to simplify the proof of
Object-motion decoupling control of internal forces
This section is aimed at the analysis of the objectmotion decoupling control of internal forces for general grasping mechanisms. The proof of the decoupling theorem is reported in [9] . It has been developed in it framework proper of the geometric approach to the multivariable control design, [2, 141.
Definition 1 Consider the dynamic system (1). A control law of the internal forces

Algebraic output decoupling of internal forces
This section shows how the decouplirig control of internal forces can be obtained by means of an algebraic output feedback control from the sensed output consisting of contact forces t and of manipulator joint positions The following theorem, proven in [9] , shows that the decoupling control of internal forces, stated in Definition 1, can be obtained through an algebraic feedback of the sensed output y , . 
Theorem 2 Consider the linearized manipulation syst e m (1). Under hypotheses
Decoupled internal force control example
The case study has been introduced in Section 5 together with the non-decoupling control law of fig. 3 . Simulation results of Section 5 are here compared with those obtained by using the decoupling controller of Theorem 1.
The state-feedback gain F and the input selection matrix U of Theorem lare obtained as internal forces which, in the case study, are 7&j,7 = Again the internal model principle guarantees that, with a unit step as input, the internal force et; reaches (in magnitude) the unit, but unlike the controller of fig. 6 , the decoupling control of fig. 6 does not affect the rigid-body object motion which remains identically zero. In other words, the proposed internal force controller allows one to squeeze the object, see fig. 7 , in a way that the manipulated object does not change its position, see fig. 8 . Fig.9 pictorially describes the squeezing action by the decoupling controller.
im([l 0 -101).
Conclusions
In this paper we considered the problem of controlling internal forces of grasps with general kinematics.
Special attention was devoted to manipulation systems with signiiicant compliance at the contacts. As a consequence, the object dynamics was taken into account in controlling the internal forces.
After characterizing the rigid-body object motions and the reachable contact forces, we focused on the problem of synthesizing an internal force control law which does not interact with the rigid-body object motion. The geometric approach is used throughout the paper whose main result states that there always exists a
